Defining the immune cells within the naso-oropharyngeal-associated lymphoid tissues would promote the development of efficient orally and nasally delivered immunotherapies. The aim was to compare murine antigen-presenting cells (APCs) and T cell subsets in the nose-associated lymphoid tissues (NALT), cervical lymph nodes (CLN), mesenteric lymph nodes (MLN) and peripheral lymph nodes (PLN) using flow cytometry and in vitro proliferation assays. Overall, the NALT contained a higher proportion of APCs and a lower proportion of T cells compared to the CLN, MLN and PLN. The APCs of the NALT more often belonged to the CD11c + CD11b + and the CD11c neg CD11b + subsets as compared to the other sites. Both of these APC populations showed little sign of activation, that is low expression of the markers CD40, CD86 and IAd. Instead, the APCs of the NALT more often co-expressed CX3CR1 and CD206, markers associated with a tolerogenic function. No increase in the proportion of regulatory T cells was observed in the NALT. Instead, the T cells frequently exhibited a memory/effector phenotype, expressing the homing markers a4b7, CCR4 and CCR9, but rarely the na€ ıve phenotype cell surface marker CD45RB. In contrast, the T cells at the other sites were mostly of the na€ ıve phenotype. In addition, cells from the NALT did not proliferate upon in vitro stimulation with Con A, whereas the cells from the other sites did. Taken together, these results suggest that the NALT is primarily an effector site rather than one for activation and differentiation, despite it being regarded as a site of induction.
Introduction
The gastrointestinal tract is continuously exposed to various harmless antigens [1] , which are managed by the immune system through a process termed 'oral tolerance'. This mechanism is vital to maintain health and avoid pathological immune reactions, such as those leading to allergies and inflammatory bowel disease [2] . Whilst extensive research has been conducted on the gut mucosal immune system, other parts of the gastrointestinal tract, such as the oral cavity, have not been as comprehensively studied. Furthermore, the oral and nasal cavities lie in close proximity to one another and as the entrance points to the gastrointestinal and upper respiratory tracts, are continuously exposed to a large variety of pathogens, as well as harmless antigens. The interactions between the different parts of the mucosal immune system are therefore of particular interest to study here.
The underlying mechanism of oral tolerance has not been fully understood but extensive research on different immune cell populations of the gut has shown that antigen-specific regulatory T cells (Tregs) are generated in the mesenteric lymph nodes (MLN) under the influence of CD11c + dendritic cells (DCs) during the induction of oral tolerance [3, 4] . This is followed by further expansion of the Tregs locally in the intestinal lamina propria (LP) through interactions with CX3C chemokine receptor 1 (CX3CR1)-expressing resident macrophages [2, 5] . As the oral cavity is the first site of entry for exogenous antigens, it must be equally important for the immune system to maintain immune regulation also at this site. It has been suggested that DCs in the oral mucosa capture antigens and migrate to the cervical lymph nodes (CLN), where they present antigens to na€ ıve T cells [6] , in a fashion similar to the model proposed for the intestine [2] . DCs from the oral mucosa are known to induce FoxP3 + Tregs [7] .
However, it is currently unclear whether CD103 + DCs are involved in this process [7, 8] . In the oral mucosa, CX3CR1 + macrophages, that also express CD206, have been found which have been shown to be of importance during induction of tolerance in a sublingual immunotherapy (SLIT) model [8] . In addition, the CLN have been implicated in the development of tolerance [9, 10] .
The nose-associated lymphoid tissues (NALT) found in rodents are bilateral lymphoid cell aggregates located on both sides of the nasopharyngeal duct dorsal to the cartilaginous soft palate and considered to be analogous to the Waldeyer's ring in humans [11, 12] . Exogenous antigens are inhaled and captured by DCs and microfold cells (M cells) in the nasal epithelium [13] . The antigens are then transported to the NALT, where the initial induction takes place, before draining into the CLN where amplification of the immune response occurs with a more pronounced expansion of lymphocytes [14] . The NALT, as is the case for other mucosa-associated lymphoid tissues (MALTs), consists of a follicle-associated epithelium (FAE) that contains M cells overlying follicular zones of B cells and na€ ıve and memory T cells with surrounding parafollicular zones of T cells and DCs [15, 16] . Thus, the MALT structures resemble lymph nodes, but they lack afferent lymphatics and are not encapsulated [17] . The NALT shows many structural similarities to Peyer 0 s patches (PPs), but there are also differences, such as the form of organogenesis [18] , and with regard to the immune cells subsets, the NALT shows closer resemblance to the spleen [19] . In addition, the PPs do not seem to be required for the induction of oral tolerance [20] [21] [22] , whereas the role of the NALT in this process is unknown. Furthermore, both CD103 + and CD103 neg DCs have been identified in the NALT [23] , whereas the presence of CX3CR1 + cells in the NALT has not been demonstrated.
Both the oral cavity and the NALT drain into the CLN [7, 24] . Also, a certain proportion of the cells in the NALT home to the submandibular glands, which are considered a part of the oral compartment [25] . In addition, T cells generated in the NALT preferentially home back to the NALT, as well as to the CLN and MLN. Reciprocally, T cells from these nodes home successfully to the NALT. However, it has been shown that cells from the PPs do not home as successfully to those sites and that the cells from those sites do not home as effectively to the PPs [26] . Although the NALT is a MALT structure that shares many similarities with the PPs, its expression pattern of vascular addressins, which are the counter receptors for the lymphocyte homing receptors, is more similar to that of the peripheral lymph nodes (PLN) [27] .
As the roles of the nasal and oral cavities in the induction of tolerance and the interactions and dependencies have not been as well elucidated as those of the intestinal compartment, the main objective of this study was to compare the antigen-presenting cell (APC) and T cell subsets and the in vitro proliferative responses, of the naso-oropharyngeal-associated lymphoid tissues, encompassing the NALT and the CLN of BALB/c mice, to those of the extensively studied MLN, comprising the intestinal lymphoid compartment, as well as the PLN, which form the peripheral lymphoid compartment.
Materials and methods
Mice. Male BALB/c mice (6-8 weeks old) were purchased from Charles River Laboratories (Sulzfeld, Germany) and housed under standard conditions in the animal facility of the University of Gothenburg according to institutional guidelines. The study was approved by the Regional Ethics Committee (Permit Number: 68-2012).
Dissection. BALB/c mice were sacrificed, and the following lymphoid tissues were dissected: the NALT; the CLN [Ln. mandibularis, Ln. mandibularis accessorius and Ln. parotideus superficialis, all of which are superficial lymph nodes (LNs)]; the MLN (Lnn. jejunales); and the PLN (Ln. subiliacus, Ln. axillaris proprius and Ln. axillaris accessorius). All the lymphoid tissues were dissected according to the protocol described by Bankvall et al. [28] . This protocol is an adaption of several protocols from different research groups. All lymph nodes were dissected based on the anatomical description published by Van den Broeck et al. [29] . The NALT was dissected according to the protocols published by Asanuma et al. [30] and Heritage et al. [19] where the head of the mouse was cut off and immobilized by pinning it to a dissection board with the lower jaw facing upwards. The lower jaw and tongue were then removed to reveal the upper palate. The tip of the nose containing the fore teeth was cut off as well as the cheek muscles, cheekbones and back teeth, leaving the remaining nose part containing the nasal turbinates, septum, lateral walls and palate. The palate was then carefully peeled away and the lymphoid cell aggregates, which make up the NALT were found bilaterally on each side of the nasal septum and carefully removed with forceps.
Flow cytometry. The LNs and the NALT were prepared as single-cell suspensions and stained for flow cytometry. Cells were aliquoted at 0.2-1.0 9 10 6 for the NALT and 1 9 10 6 cells for the LNs (CLN, MLN and PLN) into 96-well, V-bottomed plates and pre-incubated for 5 min with an FCcR-blocking monoclonal antibody (mAb), before staining with the appropriate concentrations of the antibodies for 20 min at 4°C. Thereafter, the cells were washed twice before being stained intracellularly for FoxP3, according to the manufacturer 0 s instructions (eBioscience, San Diego, CA, USA). Briefly, cells were permeabilized using FoxP3 Fixation/Permeabilization Concentrate and Diluent (eBioscience) and then pre-incubated with an FCcR-blocking mAb for 5 min before staining with antiFoxP3 for 20 min in the dark at room temperature. Cells were acquired using the BD FACSCanto II (BD Biosciences, San Jose, CA, USA), and the results were analysed with the FlowJo software (Treestar, Ashland, OR, USA).
For extracellular staining of APCs, the following antimouse monoclonal antibodies were used: an Fc-receptor blocking antibody, CD16/32 (clone: 2.4G2; BD Biosciences) and CD11b -PerCP-Cy 5.5 (M1/70), CD11c -APC (HL3), CD40 -PE (3/23), CD86 -V450 (GL1) and IAd -FITC (AMS-32.1; all from BD Biosciences). The polyclonal antibodies used were as follows: MMR/CD206 -PE (R&D Systems, Minneapolis, MN, USA) and CX3CR1 -FITC (Biorbyt, Cambridge, UK).
The following anti-mouse monoclonal antibodies were used for extracellular staining of T cells: Fc-receptor blocking antibody, CD16/32 (clone: 93; eBioscience), and CD4 -PerCP (RM4-5), CD4 -PB (RM4-5), CD8a -PB (53-6.7), CD8a -PerCP (53-6.7), LPAM-1/a4b7 -PE (DATK32), and CD45RB -PE (16A; all from BD Biosciences), and CCR9 -APC (242503; R&D Systems), and CD194/CCR4 -PE (2G12), CD45RB -PB (C363-16A), and CD4 -FITC (RM4-5; all from BioLegend, San Diego, CA, USA). Intracellular staining for T cells was performed with: Helios -Alexa Fluor 647 (22F6), Helios -FITC (22F6), and FoxP3 -eFluor 450 (FJK-16s; all from eBioscience); and FoxP3 -Alexa Fluor 488 (MF23; BD Biosciences).
In vitro stimulation. Tissues from the NALT, CLN, MLN and PLN were prepared as single-cell suspensions and cultured, at a density of 1 9 10 5 cells per well, in 96-well U-bottomed plates, in Iscove 0 s modified Dulbecco 0 s medium (Sigma-Aldrich, Saint Louis, MO, USA) that was supplemented with 10% heat-inactivated foetal calf serum (FCS), 2 mM L-glutamine, 50 lg/ml gentamycin and 50 lM 2-mercaptoethanol. The cells in half of the wells were stimulated with concanavalin A (0.5 ll/well, Con A; Sigma-Aldrich), and the rest of the cells in the remaining wells were left un-stimulated. All wells were cultured at 37°C in a 50% CO 2 atmosphere. Cellular proliferation was estimated by radioactive thymidine incorporation, through the addition of 1 lCi 3 H-thymidine (Amersham Plc, Buckinghamshire, UK) for the last 9 h of the 72 h of culturing period.
Statistical analysis. Statistical analysis was conducted using the Kruskal-Wallis test followed by Dunn 0 s correction for comparisons of the percentages of cells in the various lymphoid compartments. P-values <0.05 were considered statistically significant. These analyses were performed with the GraphPad Prismâ ver. 6.0 software (GraphPad Inc, La Jolla, CA, USA).
Results
The NALT contains a larger proportion of CD11c + CD11b + and CD40 and CD86 were the most strongly expressed markers on the CD11c + CD11b + APCs in the CLN and PLN, whereas they were less frequently expressed in the corresponding cells of the MLN (Fig. 2B ). However, the expression level of IAd (MHC class II) was similar among the CD11c + CD11b
+ APCs of the CLN, MLN and PLN (Fig. 2B) . Furthermore, the CD11c + CD11b neg APCs were more numerous in the MLN, whereby these cells had higher expression of CD40 and IAd (MHC class II) than the corresponding cells in the NALT and the PLN (Fig. 2B ). The expression levels of CD86 on the CD11c + CD11b neg APCs in the different lymphoid compartments were similar (Fig. 2B ). CD11c neg CD11b + APCs were abundant in the NALT (Table 1 ). Similar to the observation made for the CD11c + CD11b + APCs; lower expression levels of CD40 and IAd (MHC class II) were observed also for these cells, as compared to the corresponding cells in the other sites (Fig. 2B ). There were however no differences in the expression levels of CD86 across the different lymphoid compartments (Fig. 2B ). These results demonstrate different activation levels of the various APC populations at the different sites. The CD11c
+ APCs in the CLN and PLN appeared to be moderately activated, whereas, in the MLN, the CD11c + CD11b
neg APCs displayed the strongest levels of activation. The NALT generally displayed a lower degree of activation, especially with regard to their CD11c + CD11b
+ and CD11c neg CD11b + APCs.
The APCs of the NALT express high levels of markers associated with tolerance induction
The chemokine receptor CX3CR1 was primarily expressed on the CD11c + CD11b + and CD11c neg CD11b + APCs, whereas the CD11c + CD11b neg APC populations expressed this marker weakly (the gating strategy for the CD11c + CD11b + APCs is shown in Fig. 3A , and the representative dot plots are shown in Fig. 3B ). For all three APC populations, CX3CR1 was most frequently expressed on APCs from the NALT. Regarding the CD11c + CD11b + APCs, those from the CLN also most frequently expressed CX3CR1. In contrast, the APCs derived from the MLN and PLN rarely expressed this marker (Fig. 3B ). The mannose receptor CD206 was strongly expressed on the CD11c + CD11b + and CD11c neg CD11b + APCs (the gating strategy for the CD11c + CD11b + APCs is shown in Fig. 3A , and the representative dot plots are shown in Fig. 3B) . Conversely, the expression of this marker was much lower on the CD11c + CD11b neg APCs (Fig. 3B ). For all three APC populations, CD206 was most strongly expressed on the APCs prepared from the NALT. Expression of this marker was generally low in APCs from the CLN and the MLN (Fig. 3B) . However, the CD11c + CD11b + APC population in the MLN expressed moderate levels of CD206 (Fig. 3B) . These results suggest that the NALT is a site where the APC populations possess a tolerance-inducing capacity.
T cells are less abundant in the NALT than in the other lymphoid compartments
The CD4 + and CD8 + T cell populations were also examined by flow cytometry (the gating strategy is shown in Fig. 4A ). The proportions of CD4 + and CD8 + T cells, among the live-gated cells, were much lower in the NALT than in the lymph node compartments (Fig. 4B ). Tregs were identified as CD4 + FoxP3 + cells (gating strategy shown in Fig. 4A ) and thereafter divided into tTregs and pTregs using the markers Helios and FoxP3, respectively. The percentage of tTregs was higher in the CLN than that in the NALT or MLN, whereas the percentages of pTregs in the different sites were similar (Fig. 4B) . Interestingly, the NALT contained a high percentage of Helios + FoxP3 neg cells within the CD4 + T cell compartment, an observation that was not seen at the other sites (Fig. 4B ).
T cells of the NALT demonstrate lower activation and stronger homing capacity than the T cells of the other lymphoid compartments
The expression levels of CD45RB, which is a marker of na€ ıve T cells, and the homing markers a4b7, CCR4 and CCR9 were assessed (gating strategies shown in Figs 5A and 6A). In the NALT, many of the CD4 + and CD8 + T cell showed downregulated expression of CD45RB, instead exhibiting a memory/effector cell phenotype, as compared to the T cells in the CLN, MLN and PLN, the majority of which still expressed this marker (Fig 5B and 6B) . The predominance of memory/effector cells in the NALT was further supported by higher expression levels of a4b7, CCR4 and CCR9 in both the CD4 + and CD8 + T cell populations, as compared to the T cells in the other lymphoid compartments (Fig 5B and 6B) . Collectively, these data indicate that the NALT is more of a T cell effector site than a niche for na€ ıve T cell activation.
Cellular proliferation varies across the different lymphoid compartments
In vitro stimulation of cells isolated from the different sites was performed with the mitogen Con A. No cellular proliferative response was observed in the NALT, as compared to the other compartments, with the highest level of proliferation being observed in the MLN (Fig. 7) .
The patterns of cellular proliferation for the CLN and the PLN were similar. The inability of cells from the NALT to proliferate compared to the un-stimulated cells supports the notion that this site is not concerned with T cell activation but rather has a strong T cell effector function.
Discussion
Much is known about the function of the intestine in regulating immune responses to microbes and food antigens. As the oral and nasal cavities represent the point of entrance to the gastrointestinal tract and the upper respiratory tract and are continuously exposed to numerous antigens, it is surprising that not more is known about the roles of the mucosal immune system and immune responses at these locations, especially considering that they make up part of the mucosal immune system and therefore have many features in common.
The aim of the current study was to compare the APC and T cell populations within the lymphoid tissues of the nasal and oral compartments with their intestinal and peripheral counterparts. In the present study, the subdivision of APCs was based simply on the expression of the markers CD11c and CD11b, so distinguishing between the cDCs was not possible given that the marker CD8 was not included in the analysis. Moreover, the APCs were not characterized according to their expression of CD11c in relation to IAd (MHC class II). Therefore, the gated populations most likely represent a combination of resident and migratory DCs.
According to the categorization of APCs adopted in the present study, the NALT demonstrated the highest percentage of CD11c neg CD11b + APCs, followed by an intermediate population of CD11c + CD11b + APCs, and a minor population of CD11c + CD11b neg APCs. It has been proposed that CD11c + CD11b + APCs play predominant roles in MHC class II presentation and CD4 + T cell activation [31] . Even though the NALT displayed the largest proportion of CD11c + CD11b + APCs among the analysed sites, there was negligible induction of T cell proliferation in the cultures of cells from the NALT. This may be attributed to the low levels of activation markers expressed on all of the investigated APC populations of the NALT, as well as the observed low abundance of na€ ıve T cells. In addition, Tregs may have been generated in the NALT cell cultures, resulting in active suppression. This is supported by the fact that immature DCs that express low levels of activation markers, such as CD40, CD86 and IAd (MHC class II), can stimulate na€ ıve T cells to generate Tregs [32] . However, no increase in the proportion of putative Tregs was observed before cultivation. Instead, a large population of CD4 + FoxP3 neg Helios + T cells was detected, which was not as large at the other sites. This T cell population has not been well characterized in the literature, as focus has been on the CD4 + FoxP3 + T cells the median values. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, as analysed using the Kruskal-Wallis test with Dunn 0 s correction. and the differences between those T cells that express Helios and those that do not. However, in a recent publication, the CD4 +
FoxP3
neg Helios + T cell population was shown to express the latency-associated peptide (LAP) and the glycoprotein A repetitions predominant (GARP), which are markers of activated Tregs under both steadystate conditions and after T cell receptor (TCR) activation [33] . These cells, whilst expressing LAP/GARP, produce the immunosuppressive cytokine interleukin (IL)-10 but not interferon gamma (IFN-c), indicating that CD4 + FoxP3
neg Helios + T cells may possess immunoregulatory functions [33] .
The NALT displayed fewer T cells than the other lymphoid sites, where the majority were of a mature phenotype with high levels of homing markers and, conversely, low levels of the na€ ıve T cell marker CD45RB. These cells expressed a4b7 in combination with both CCR9, a marker for homing to the small intestine, and CCR4, a marker for homing to the skin. The NALT is known to exhibit numerous B cells [19, 30, 34] . However, B cell markers were not included in this study. Therefore, it is not known whether the high proportion of non-T cells in the NALT is composed of B cells, although this is likely the case. A small part could also reflect innate lymphoid cells (ILC). However, as these constitute a minor portion of the total cell count at lymphoid sites [35] , it would be surprising if ILCs in the NALT comprise any significant amount of the non-T cells. However, in future studies it would be interesting to study both B cells and ILC phenotypes of the NALT.
In studies of the homing preferences mediated by the lymphocyte integrins and adhesion molecules on HEVs, it has been observed that homing to the PPs is heavily dependent upon interactions between the integrin a4b7 and the mucosal addressin cell adhesion molecule 1 (MAdCAM-1) [36, 37] . Conversely, the homing of conventional T cells of the NALT is mediated by homing receptor L-selectin and peripheral node addressin (PNAd) interactions, whereas the homing of CD4 + CD25 + Tregs is more dependent on interactions between P-selectin glycoprotein ligand 1 (PSGL-1) and CD44-HA interactions [38] . Although the NALT is a MALT structure that displays similarity to the PPs, their patterns of expression of the vascular addressins, which are the counter receptors for the lymphocyte homing receptors, are more similar to those of the PLNs [27] .
Previously, antigen-specific T cell activation has been studied, in lymphoid tissue sites equivalent to those selected for the current study, after feeding the antigen by gavage, as opposed to instilling it directly into the oral cavity [28] . The results, which revealed rapid proliferation of antigen-specific T cells in the NALT, irrespective of the feeding route suggested that either: (1) the antigen, fed by gavage, reached the bloodstream rapidly and disseminated through the circulation to enter the NALT, where local APCs presented the antigen and thereby promoted T cell activation; or (2) the antigen-specific T cells, induced in the MLN, homed to the NALT as effector T cells or potentially as Tregs, which then underwent similar expansion locally, as described previously for Tregs in the intestinal LP [5] .
CX3CR1 is expressed on monocytes and appears to play an important role in the conversion of monocytes into DCs and macrophages under steady-state conditions [39] . Resident macrophages that express this particular marker are located within the intestinal LP and play important roles during the induction of oral tolerance and the local expansion of Tregs [40] . Interestingly, in the present study, the NALT The highest degree of mitogen-induced T cell proliferation was noted in the cultures of cells derived from the MLN, which showed the highest abundance of CD11c + CD11b neg APCs. These cells also displayed a more activated phenotype, regarding CD40 and IAd (MHC class II), as compared to the other sites. The proportions of CD11c + CD11b + APCs were similar among the CLN, MLN and PLN, whereas CD40 and CD86 were more highly expressed in the cells of the CLN and PLN. From the current experimental set-up, it is not possible to determine how the different APC populations contribute to the mitogen-induced stimulation of proliferation. However, the high level of proliferation observed in the MLN could be due to a greater prevalence of CD11c + CD11b neg APCs that seem to be more activated than the CD11c + CD11b + APCs at this particular site. With regard to the T cell phenotypes, the proportions of both CD4 + and CD8 + T cells observed in the NALT were lower in the current study than those in other studies [19, 30, 34, 42] . Of the live-gated cells, approximately 5-10% were CD4 + T cells and 2% were CD8 + T cells, as determined from two separate experiments (Fig. S1 ). This is compared to the other studies, in which the corresponding T cell percentages were approximately 30% and 10%, respectively. The discrepancies may be due to the strategies used for gating. All the research groups have used the same methodology, that is flow cytometry. However, the gating strategies are not presented in the previous articles.
In summary, the NALT is distinct from the other lymphoid tissues in terms of the proportions of APCs, as well as the phenotypes and the activation patterns of these cells. Furthermore, the MLN display differences from the CLN and PLN, whereby the latter two sites have similar APC subset characteristics. Overall, the NALT appears to act more as an effector site than as an inductive site for T cells, and the CLN display features that are characteristic of both the MLN and PLN. Further research efforts, similar to those that have been undertaken for the intestinal immune system, looking at immune cells subset phenotypes and functions are warranted. Such studies would improve our understanding of the naso-oropharyngeal-associated mucosal immune system, as well as elucidating the roles of these immune cell subsets in tolerance development and the interactions between the different parts of the mucosal immune system.
